The equine endurance race involves both aerobic and anaerobic metabolisms of the horse. The intense physical activity over an extended period often causes susceptible horses to develop metabolic signs or problems resulting in elimination from races. Thus, the objective of this study was to develop a method for prediction and validation of a metabolic disorder index (MDI) to be used before endurance races. Three hundred seventy-five Arabian (n ¼ 152) and Arabian cross (n ¼ 223) endurance horses aged from 6 to 15 years and weighing between 350 and 450 kg were selected for the study in Malaysia. Blood samples were collected at pre-and post-race periods. The significant (P < .05) findings in horses with metabolic disorder were packed cell volume (0.50 AE 0.06 LLÀ1), creatine kinase (1,275.89 AE 121.45 ULÀ1), interleukin-6 (2.01 AE 0.89 ng/mL), decreased glutathione reductase (26.57 AE 3.95 ng/mL), and chloride (94.98 AE 8.12 mmol/L). A new method called MDI was developed as a predictor for horses with the potential to develop metabolic disorders in endurance races. The MDI indicated a higher value greater than 5.5 for those eliminated and lower value below 5.5 for those that completed the race successfully, this proved to be accurate in the prediction of metabolic disorder in endurance horses. The MDI is an innovative and simple method used as a prediction method that will assist the equine endurance society to reduce the rate of elimination and to safeguard against serious medical problems during endurance races in the tropics.
Introduction
Endurance race is a long distance strenuous sporting event among the equine sporting events requiring remarkable energy and effort within distances ranging between 40 and 240 km in a 24-hour period [1] [2] [3] [4] [5] [6] . Elimination rates from endurance competitions fluctuate between countries depending on the terrain and speed [1, 7] . There are many factors affecting endurance performance and influencing elimination; high temperature and humidity could represent one predisposing and risk factors to exhaustion and reduction in running speed during endurance events for unfit and poorly conditioned horses [5, 8] .
There are several reasons for elimination that determine whether a horse is to be eliminated from the race and among these are lameness and metabolic disorders. In a recent study by Nagy et al [5] showed that elimination rate was 62.7% for lameness and 24% was for metabolic disorders. Furthermore, in a similar study conducted in Malaysia, Adamu et al [9] reported an elimination rate of 17.91% for lameness and 53.73% for metabolic disorders in Malaysia. The distance, duration, and speed of the ride were also associated with both lameness and metabolic eliminations [5] . Metabolic disorder is the extreme changes associated with the combination of the physical parameters that result in the complex and detrimental physiological and biochemical alterations leading to elimination of endurance horses from the race [10] .
Muscle tissues modifications can also occur in endurance competitions, and this is indicated by changes in creatine kinase (CK) [11] . Horses with rhabdomyolysis exhibit increased muscle enzymes, predominantly CK [12] . In poor performing horses, large quantities of chloride loss through sweating were evident, thus leading to reduced performances [10] . Loss of chloride leads to fatigue, muscle weakness, declining performance, and also causes dehydration [13] . It is a crucial risk factor for metabolic disorder and the progression of medical problems during and after endurance races [13] . In another study, it was found that an ambient temperature greater than 20 C was accompanied by a reduction in chloride concentration in endurance horses [14] . Likewise, elevations in packed cell volume (PCV) after endurance race of 120 km are largely due to fluid shift and loss, but the stronghold effect is as a result of the release of concentrated erythrocytes from the spleen [15] .
Endurance races, as associated with prolonged aerobic activity, elicit remarkable metabolic adaptations over time that ends up with quantitative protein changes [16] [17] [18] [19] . Higher concentrations of circulating interleukin-6 (IL-6) are indicative of an inflammatory event due to subclinical conditions or the horses were made to perform at a level beyond their physical capability [20] . Interleukin-6 is produced in higher concentrations in skeletal muscle tissue, in leukocytes, and in endothelial cells through signaling of proinflammatory cytokines and reactive oxygen species (ROS) and may have resulted in greater muscular activity and damage [21] . A low glycogen level prior to exercise, even when blood glucose is maintained, elevates IL-6 concentrations [22, 23] .
The lower circulating level of glutathione reductase (GR) in endurance horses is indicative of lower capacity to overwhelm oxidative stress. In intense physical activity, there is an upregulation of inflammatory mediators, largely IL-6 produced by monocytes [24] [25] [26] . Lowered levels of GR represent risk and predisposing factors for infections in horses, the onset of chronic diseases, oxidative stress, and poor performance [27, 28] . Oxidative stress and abnormalities in antioxidant status have been indicated during arduous endurance exercise [6, 27, [29] [30] [31] [32] [33] [34] .
Metabolic abnormalities in horses under laborious conditions are reflected by abnormalities in physical and blood parameters during and after physical activity [10] . The development of metabolic disorders in horses during endurance races is unpredictable. This is due to the fact that there is no established method to determine, before the race that a horse is not fit to participate in an endurance race. Furthermore, the pre-race vet examination at the gates is subjective and lacks absolute precision. It was postulated that the physical and blood parameters of horses that develop metabolic disorders and eliminated during endurance races differed significantly from those of horses completing the race successfully [10] .
The stress levels are traditionally reflected by an increase in blood cortisol, glucose, and stress leukogram. These markers are often not specific to the exercising horse. New markers are needed to evaluate the effect of physical exercise on horse's metabolism and to improve current diagnostic procedures, which are inadequate for early diagnosis, training level tests, and detection of subclinical conditions. The use of the prediction formula derived from the present study could be employ to identify a susceptible candidate for elimination at pre-race period. In this regard, the present study aims to appraise the biochemical and hematological markers predicted for the elimination of endurance horse due to metabolic disorders before the start of the race.
Materials and Methods
Three hundred seventy-five apparently healthy Arabians (n ¼ 152) and Arabian cross (n ¼ 223) endurance horses aged from 6 to 15 years and weighing between 350 and 450 kg were selected for the study in Malaysia. Body weights estimated using weight tapes. The height of these horses ranged from 14 hands 2 inches and 16 hands 1 inch. There was no sex preference for horse selection, and only apparently healthy horses free of subclinical infections were included in the study. From the 375 horses, 253 developed metabolic problems and 122 horses completed the race successfully. Among the 253 metabolic disorders horses, 122 horses were selected randomly from establishments A, B, and C to represent the metabolic disorder category. All horses were physically examined, and physical data such as skin recoil, mucous membrane color, capillary refill time, and intestinal motility were obtained before the race and after 20 to 30 minutes of recovery period. They were entered for endurance competitions of varying distances ranging between 40, 80, and 120 km. The competitions were conducted on different days in 19 events in Malaysia. Veterinary inspection was conducted after each loop varying from 20 to 40 km within 20 minutes of arrival from the races on all competing horses and physical parameters were recorded. Selected horses were ridden by riders with body weights ranging between 52 and 70 kg. All horses were ridden by experienced and skill riders registered under FEI, riders' regulation. The race was conducted in accordance with the FEI regulations [35, 36] .
The endurance events of 40-, 80-, and 120-km races were conducted under harsh environmental conditions of the tropical climate (ambient temperature and environmental humidity for the different race distances were as follows: 40 . Under this condition, the rate of elimination was expected to be high. The ambient temperature and humidity were measured using portable thermohygrometer H1936440N, Hanna instruments Romania, and were recorded at an interval of 30 minutes through the race. The tracks used for the endurance races were under palm, rubber plantations, beaches, and dirt tracks in several states of peninsular Malaysia. The geographical terrain was generally flat and relatively free of stony debris, whereas water points were also provided at strategic locations along the track at an interval of 5-km distance. The identification of the horses into successfully completed and metabolic disordered was done after the completion of the race. The eliminated endurance horses from the 40-, 80-, and 120-km races were generally due to metabolic reasons.
Blood samples were obtained from all the horses via jugular venipuncture using 21-G venipuncture needles into a 3-or 5-mL heparinized vacutainer tubes for biochemical analyses and ethyl diaminotetraacetic acid vacutainer tubes for hematological tests. The initially (pre-race) blood samples were collected at 8:30 AM from the participating horses. The blood was collected from apparently healthy horses at rest, and in-depth clinical investigation was carried out to ascertain their health status. The samplings were conducted cautiously to ensure that the horses were not impelled by the process which could perchance upset the hematological and immunologic parameters. The prerace blood sample was analyzed immediately in the laboratory located within the premises of the event before the race. The endurance race started at 5 PM on the same day the pre-race blood sample was collected, and the event was completed the next day at 7:30 AM. After the pre-race, blood sample was analyzed, the selected parameters used for the determination of metabolic disorder index (MDI) for each horse were computed, and those horses with MDI values greater than 17.5 before the race were mostly eliminated during the procession of the event. For each event, this procedure was maintained throughout the study period. The post-race blood sample collection was performed immediately after a 20-minute recovery period, and the samples were also analyzed immediately in the laboratory located within the premises of the event after the race. Samplings were conducted tenderly and consistently to ensure that the horse was not incited by the procedure which could affect the hematological and immunologic variables.
The hematological parameters were analyzed using Cell DYN 3700 (Abbot), whereas the hematocrit was analyzed using a Hettich-Hematocrit 210 and Hawksley microhematocrit reader. Blood centrifuged and plasma extracted and introduced into Eppendorf sample tubes to be kept in the refrigerator at À20 C and were analyzed within 48 hours. The plasma biochemical parameters were determined with a chemistry analyzer (Hitachi 920) using standard diagnostic kits (Roche). Interleukin-6 and GR were determined using high sensitivity and specificity (Cusabio) horse IL-6 and GR ELISA kits.
Initially about 15 significant parameters in the hematological, biochemical, electrolytes, acute phase proteins, antioxidant, and cytokine were selected and regressed stepwise up to three times using logistic regression in order to select the significant parameters among them that were associated with metabolic disorder in endurance horses.
After the three stepwise regression analyses, the significant parameters were as follows: GR, IL-6, CK, chloride, and PCV. Likelihood ratio was used to estimate the prediction ability conferred by each variable. The prediction method of MDI is defined as the products of PCV, CK, and IL-6 divided by the products of chloride and GR and multiplied by 100. Thus, the MDI is derived using parameters that increase in metabolic disorder, namely PCV, CK, IL-6 as numerator and those that decrease GR and chloride as the denominator. The method was able to depict 95% of the endurance horses that were prone to develop metabolic disorder.
Prospective and Retrospective Study to Validate the MDI
Data from 20 horses participating in the endurance race at Padang Besar, Perlis, Malaysia, to test for the reliability, consistency, and reproducibility of MDI as a predictive method for horses to develop metabolic disorder were used ( Table 1) . The method was able to depict 95% of the endurance horses that were prone to develop metabolic disorder. Out of the 20 examined endurance horses, 12 horses had MDI values greater than 6 before the race, and out of the 12 endurance horses, 10 developed metabolic disorders (Table 2 ) and were eliminated from the race with greater values of MDI after the race (Table 2) , whereas five retired from the race before the finish of the event. Five endurance horses that had MDI values of less than 5 were thus able to complete the race successfully.
A retrospective study was conducted by randomly choosing 12 endurance horses from a previous race to validate the MDI (Table 3 ). The application of these results was able to identify data from six endurance horses with MDI values greater than 14 were in fact eliminated from the endurance race. Similar application of the MDI on the remaining six horses with MDI values of less than 5 was able to depict those horses that complete the endurance race successfully.
Based on this limited data, the MDI was able to detect quite accurately horses that would be eliminated from an endurance race.
Statistical Analysis
The data were collated and analyzed using nominal logistic regression to predict the development of metabolic disorder among the variables. Likelihood ratio was used to estimate the prediction ability conferred by each variable. The greater the value of chi-square (X 2 ) from 1 the higher the prediction ability of the variable in depicting the development of metabolic disorder. The parameter estimate defines the change in the predicted characteristic of interest (MDI) for a one-unit change in the independent variables. Receiver operating characteristic curve (ROC) was used to test the various groups of the pre-and post-race goodness of fit of the predictors to depict those groups that have metabolic disorder and those without the disorder. The sensitivity was plotted on the y-axis, whereas 1-specificity was plotted on the x-axis. It is formed by plotting the fraction of true positives (sensitivity) out of the total actual positives against the fraction of false positives (specificity or 1-specificity) out of the total actual negatives. They both carry values between 0 and 1 on both axes. The area to the left and above the diagonal line called line of no discrimination gives the ability of the ROC curve as a diagnostic test to depict correctly those endurance horses with metabolic disorder and those without based on the sensitivity and specificity (Fig. 2) . Sensitivity is defined as the ability of a diagnostic test to correctly depict the true positives (those with metabolic disorder), and specificity is the ability of a diagnostic test to correctly depict the false positives (those without the disorder, successfully completed the race). Comparison between the pre-ride and post-ride completed, pre-ride and post-ride metabolic as independent categories were made using analysis of variance with Tukey Kramer (HSD) test to assess for significant changes associated with the development of metabolic disorder before the race at P < .05. The data were analyzed using JMP version 11 software (SAS Institute Inc, Cary, NC). Analyses were considered significant at a P value of < .05.
Results
The values of PCV, CK, GR, IL-6, and chloride are within the normal values of pre-race, indicating a qualification at vet gates to continue with the race. About 95% of the horses that developed metabolic disorders after the race had increased values of PCV, CK, and IL-6 and decreased values of chloride and GR. This group of horses was sorted and classified as the post-race metabolic disordered horses after the endurance race. However, few horses developed metabolic disorder without any significant changes in their variables.
In the present study, the markers of eliminations of horses from the race as predicted from the results increase significantly (P < .05) in the concentrations are CK, PCV, and IL-6, whereas chloride and GR decrease significantly (P < .05) (Fig. 1) . The ROC for the various groups of the pre-and post-race goodness of fit of the predictors is shown in Fig. 2 . This showed the ability of the diagnostic test in depicting the true positives (0.9226 and 0.9464) and the false negatives (0.9962 and 0.8451). The first values in the bracket represent the values before the race, and the second values represent the values after the race, for those that developed metabolic disorder and those that completed the race successfully. Table 4 presented the average values of speed, environmental conditions, and average percentage of failure to finish of Arabian and crossed Arabian endurance horses in a 40-, 80-, and 120-km races conducted on different days in 19 events in Malaysia. Table 1 presented the likelihood ratios to estimate the prediction ability conferred by each variable. PCV, chloride, GR, and IL-6 were significantly associated with the development of metabolic disorder at (P < .0001), whereas CK was associated with metabolic disorder at (P < .0002), respectively.
Validation Test
Pre-ride blood samples were collected from the endurance horses to test for individual endurance horses that are likely to be eliminated from the race. The prediction ranges for elimination from the race are the 95% lower and upper confidence limits for the markers selected as responsible for the metabolic disorders in Abbreviations: CK, creatine kinase; CL, chloride; GR, glutathione reductase; IL-6, interleukin-6; PCV, packed cell volume. endurance horses leading to the eliminations from the race. The prediction formula for the MDI was able to depict correctly 95% of those endurance horses that are liable to develop metabolic disorder. The no metabolic disorder value is less than 5, whereas the borderline for the MDI for an individual horse is from 5.5 to 14.5, for horses that are prone to metabolic disorder is indicated by the MDI value of 14.5 to 17.5 and for those horses that have a high probability of metabolic disorder is shown by values of 17.5 and above (Table 5 ). The prediction method of MDI is defined as the products of PCV, CK, and IL-6 divided by the products of chloride and GR and multiplied by 100. The method was derived based on statistical observation of the parameters. Thus, the MDI is derived using parameters that increase in metabolic disorder, namely PCV, CK, IL-6 as numerator, and those that decrease GR and chloride as the denominator as shown below:
The formula is expressed mathematically as:
where PCV (L/L), packed cell volume; CK (U/L), creatine kinase; IL-6 (ng/mL), interleukin-6; CL (mmol/L), chloride; GR (ng/mL), glutathione reductase.
Discussion
It is imperative that the rate of eliminations, poor health status, and performance due to metabolic disorder in endurance horses to be predicted before the start of races to safeguard the welfare of these horses. Due to lack of information, horses not fit to participate in endurance may be exposed to undue danger of developing metabolic disorder. Developing a method to predict the capacity of a horse to complete endurance safely would be a breakthrough in equine endurance sports in Malaysia.
In this study, a method was developed based on data collected from several endurance races. The method which is based on PCV, GR, IL-6, CK, and Cl was given the term "metabolic disorder index" or MDI. The study showed that 85% to 95% of endurance horses that were eliminated from the race due to metabolic disorder consistently had high MDI values, whereas others not eliminated had low values before the race. Thus, MDI can predict quite correctly, which endurance horses are prone to develop metabolic disorders during endurance races. Furthermore, the MDI also has the potential to predict the performance levels of endurance horses. This index is a reliable, consistent, and reproducible procedure and could be used to monitor performance of horses during training and conditioning for endurance races. Other potential uses of the MDI include in selection of horses during purchase. This method of predicting performance of horses in endurance races is simple and can also be performed quickly to obtain results within a very short period of time.
In the present study, the following parameters were observed to be consistently high, whereas the other parameters were low in the eliminated horses. These parameters include the PCV, GR, IL-6, CK, aspartate aminotransferase, albumin, plasma proteins, total protein, and chloride. The parameters were included in the predictive tests to select those parameters that could perchance significantly be associated with eliminations, poor health status, and performance. After the first run of the predictive tests, PCV, GR, IL-6, CK, and chloride were found to be significantly associated with the eliminations of horses from the race. These changes are characteristic of metabolic disorder in horses and are associated with muscle damage due to physical activity, increased sweating without water replenishment, and the inherent inability of horses to neutralize the increased ROS production during endurance races.
In the present study, the proportion of endurance horses (85%-95%) that were eliminated from the race due to metabolic disorder had higher values, whereas others had lower values consistently. The pre-race range of the selected markers were derived from the lower and upper 95% confidence interval limits of the pre-race values using goodness of fit test by adopting Shapiro-Wilk W test with its associated small P value. This is because the data from the study assumed the Gaussian or normal distribution criteria [37, 38] and these values if attained at the pre-race were considered as the predictable values for the eliminations of horses from the race for the selected markers. Evaluation of all the parameters of the pre-race makes it possible to predict the MDI at pre-race by the use of the prediction formula depicted above.
There were significant increases in PCV during the 40-, 80-, and 120-km race distances. These modifications in the values of PCV in endurance horses with metabolic disorder were probably associated with low intensity and prolonged racing trial under aerobic conditions and complex interactions between environmental conditions, speed, nature of the tracts, horse and riders attitude, training protocols, and adaptation [39] [40] [41] , which manifested in the forms of exhaustion, fatigue, severe dehydration, muscular weaknesses, muscle enzymes leakage, heat stress, oxidative stress, and drastically decreased performance. The effects of physical exerciserelated stress is generally associated with poor performance syndrome, the overtraining syndrome, exertional rhabdomyolysis, and exercise-induced pulmonary hemorrhage [42, 43] .
Furthermore, the significant increases in PCV during the various race distances of 40, 80, and 120 km could be due to fluid shift and loss but, the mainstay effect is as a result of the release of concentrated erythrocytes from the spleen [15] . This could be indicative of hemoconcentration. Splenic contraction raises the PCV resting values of 35% to 45% to as high as 65% during strenuous maximal exercise [44] [45] [46] . This finding was similar to the PCV values observed in the eliminated endurance horses due to metabolic problems in the present study. Blood analysis of endurance horses with metabolic disorders usually reveals findings consistent with dehydration, electrolyte depletion, PCV greater than 55%, creatine phosphokinase elevation, and hypochloremia [44, 45] .
In the present study, there was significant reduction in the concentration of chloride at the post-race period in the poor performance eliminated endurance horses, indicating large quantities of chloride loss; thus, this could perchance leads to reduced performances and a decline running speed [10, 46] , and the loss of chloride leads to Fig. 1 . PCV, CK, chloride, GR, and IL-6 changes in endurance horses in pre-and post-rides. PCV, packed cell volume; CK, creatine kinase; GR, glutathione reductase; IL-6, interleukin-6; 1, pre-ride successfully completed; 2, post-ride successfully completed; 3, pre-ride metabolic; 4, post-ride metabolic; error bar, 1 standard deviation; *Significant predictor. Fig. 2 . Receiver operating characteristic curves for the various groups of the pre-and post-race goodness of fit of the predictors. exhaustion, weakness of muscle, diminished performance, and dehydration [13] . It is a vital risk factor for metabolic disorder and a headway for medical problems during and after endurance races [13] . Furthermore, another study divulged a reduction in chloride concentration in endurance horses when the ambient temperature was greater than 20 C [14] . Antioxidant, cytokine, and muscle enzyme abnormalities may also occur during endurance races which result in poor performance and metabolic disorder [27, 41, 47, 48] . The present study showed increases in plasma IL-6 and CK concentrations in the eliminated metabolic endurance horses, which is similar to the findings of earlier studies [27, 49] . By the higher concentrations of circulating muscle enzyme, it seems that horses that failed to complete endurance races successfully because of metabolic syndrome may have had muscular conditions or had to perform at a level beyond their physical capability: physiognomies of the tracks, excessive speed, strategy of the rider in the competition, training and fitness level, and environmental conditions [10, [39] [40] [41] . This may have resulted in greater muscular activity and damage. In the present study, the metabolic disorder endurance had lower speeds consistently. This could be due to dehydration and exhaustion. This finding is in agreement with that in the studies of Nagy et al [5] , Adamu et al [10] , and Whiting [8] .
The concentrations of circulating GR in the eliminated metabolic endurance horses were lower. The lower circulating level of GR in the eliminated horses signifies that they may have lower ability to overwhelm oxidative stress. In extreme physical activity, the inflammatory mediators tend to be upregulated, predominantly IL-6 produced by monocytes [24] [25] [26] [27] . Horses are vulnerable to infections, reduced performance, onset of long-lasting diseases, and oxidative stress when GR level is low [27, 28] . Profusion of oxygen free radicals and poor antioxidant status has been specified during strenuous endurance exercise [27, [30] [31] [32] 34] ; thus, it is essential to conserve the level of circulating antioxidants such as GR adequately in order to neutralize ROS generated during arduous physical activity in endurance horses.
Conclusion
In conclusion, new markers are desirable to evaluate the effect of physical exercise on horse's metabolism and to develop current diagnostic procedures, which are inadequate for early diagnosis, training level tests, and recognition of subclinical conditions. The changes in PCV, CK, GR, IL-6, and chloride in endurance horses in metabolic disorder could be used as indicators of metabolic problems and poor performance in Arabian and Arabian crosses endurance horses. Our results indicated that those horses with metabolic problems were eliminated from the race due to dehydration and compromised antioxidant levels and the immune status. Disproportionate buildup of muscle enzyme was also another cause of elimination of horses that developed metabolic disorder during endurance races. The use of the MDI prediction formula derived from the present study could be utilized to identify a vulnerable candidate for poor health status, performance, and elimination. The MDI is a groundbreaking and simple method used as a prediction method that will assist the equine endurance society to reduce the rate of elimination and to safeguard against serious medical problems during endurance races in the tropics. New methods to evaluate the potential capacity of horses to perform at sporting events, especially endurance races are desperately needed by equine sports. In Malaysia, endurance sport is on the rise with many events being introduced and conducted almost monthly throughout the country. Most equine establishments in the country are young and lack experience and personnel to train horses adequately. As a result, unfit horses allowed to participate in endurance race eventually developed metabolic disorder. The MDI developed in this study provides a method of assessing the fitness of horses to participate in these events. It is believed that this method will have a huge impact on the equine industry in the tropics by reducing the rate of eliminations in equine racing events. Abbreviations: CK, creatine kinase; IL-6, interleukin-6; MD, metabolic disorder; MDI, metabolic disorder index; PCV, packed cell volume. MDI is defined as the products of PCV, CK, and IL-6 divided by the products of chloride and GR and multiplied by 100.
